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ABSTRACT
In this Letter, we present the result of an axisymmetric CCSN simulation conducted with appropriate treatments
of neutrino transport and proper motions of proto-neutron star (PNS), in which a remarkable PNS acceleration is
observed in association with asymmetric neutrino emissions by the time of 300ms after bounce. We find that these
asymmetric neutrino emissions play important roles in the acceleration of PNS in this phase. The correlation between
the PNS proper motion and the asymmetric ejecta is similar to that in the neutron star (NS) kick of hydrodynamic
origin. Both electron-type neutrinos (νe) and their anti-particles (ν¯e) have ∼ 10% level of asymmetry between the
northern and southern hemispheres, while other heavy-leptonic neutrinos (νx) have much smaller asymmetry of ∼ 1%.
The emissions of ν¯e and νx are higher in the hemisphere of stronger shock expansion whereas the νe emission is
enhanced in the opposite hemisphere: in total the neutrinos carry some linear momentum to the hemisphere of the
stronger shock expansion. The asymmetry is attributed to the non-spherical distribution of electron-fraction (Ye) in
the envelope of PNS. Although it is similar to LESA (lepton-emission self-sustained asymmetry), the Ye asymmetry
seems to be associated with the PNS motion: the latter triggers lateral circular motions in the envelope of PNS by
breaking symmetry of the matter distribution there, which are then sustained by a combination of convection, lateral
neutrino diffusion and matter-pressure gradient. Our findings may have an influence on the current theories on the
NS kick mechanism although long-term simulations are required to assess their impact on the later evolution.
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1. INTRODUCTION
There is growing evidence that core-collapse super-
novae (CCSN) are highly non-spherical phenomena.
The role of the asymmetry during the development of
explosion is certainly important: for instance, it is well
established that multi-dimensional (multi-D) hydrody-
namic instabilities are one of the key ingredients to trig-
ger explosion (see recent reviews, e.g., by Foglizzo et al.
(2015); Mirizzi et al. (2016); Janka et al. (2016); Mu¨ller
(2016)). As a consequence of the non-spherical ex-
plosions, the nascent neutron star (NS), which is left
behind at the center of explosion, inevitably receives
a kick (see, e.g., a review by Lai (2001) and refer-
ences therein). It may account for the fast proper
motions of pulsars, which move typically at a few hun-
dreds km/s (Lyne & Lorimer 1994; Arzoumanian et al.
2002; Hobbs et al. 2005; Faucher-Gigue`re & Kaspi 2006;
Chatterjee et al. 2005; Winkler & Petre 2007).
The NS kick mechanism has been one of the pri-
mary research subjects in the CCSN community. If
it is of hydrodynamic origin, in which case NS is ac-
celerated by hydrodynamic or gravitational forces or
both exerted by the asymmetric ejecta, it should be
kicked in the opposite direction to the hemisphere
of stronger explosion. Recently, X-ray observations
of young CCSN remnants by Holland-Ashford et al.
(2017, 2019); Katsuda et al. (2018) found such a cor-
relation between the kick direction and the asymme-
try of ejecta, and hence supported the hydrodynamic
mechanism. However, such a correlation is just one
of the necessary conditions and can not be a smoking
gun of that particular mechanism, since other mech-
anisms may generate the same correlation. On the
other hand, previous studies suggest that asymmetric
neutrino emissions from a proto-neutron star (PNS)
are not large enough to accelerate PNS to a few hun-
dreds km/s (Scheck et al. 2004, 2006; Nordhaus et al.
2010, 2012; Wongwathanarat et al. 2013; Janka 2017;
Gessner & Janka 2018; Mu¨ller et al. 2018). Other mech-
anisms also require rather extreme conditions to pro-
duce the large PNS kick as observed. From these facts
the hydrodynamic origin is currently the most favored
mechanism for the NS kick. Note that in this mechanism
the NS kick is produced at rather late times, when the
stalled shock has been already revived and an explosion
has been firmly established.
In this Letter, we study a possible initiation of PNS
acceleration in the earlier phase based on the result of
one of our latest axisymmetric CCSN simulations. This
study is motivated by the fact that there has been no
CCSN simulation that handles the PNS proper motions
and their feedback to both hydrodynamics and neutrino
transport fully self-consistently. Note that, although
Scheck et al. (2006) also implemented a moving mesh
technique to treat PNS proper motions, it was applied
to the hydrodynamics but not to the neutrino trans-
port. In addition, they excised the interior of PNS in
their simulations, which is a clear distinction from the
simulation presented in this paper. This is hence the
first-ever attempt to do that in Boltzmann neutrino-
radiation-hydrodynamic simulations. We find that the
self-consistent treatment turns out to be crucial: in-
deed, a remarkable PNS motion occurs in association
with large asymmetric neutrino emissions
The CCSN dynamics obtained in our simulation is
aligned with the neutrino-heating explosion mecha-
nism although the computation is not long enough to
make a firm conclusion. Since we did not incorporate
magnetic fields, rotations and non-standard neutrino
physics in this simulation, the result presented in this
paper is distinct from other mechanisms to produce
PNS proper motions that advocate asymmetric neu-
trino emissions (Bisnovatyi-Kogan 1993; Fuller et al.
2003; Kusenko et al. 2008; Sagert & Schaffner-Bielich
2008). Interestingly, although the property of asymmet-
ric neutrino emissions is the same as in LESA (lepton-
emission self-sustained asymmetry), the origin may be
different from those discussed in Tamborra et al. (2014);
Glas et al. (2018); Powell & Mu¨ller (2018). We find in
fact that the non-spherical neutrino emissions are caused
by the asymmetry in the electron fraction (Ye) distribu-
tion in the envelope of PNS, which is in turn associated
with the PNS motion.
2. METHOD AND MODEL
We carry out an axisymmetric simulation of CCSN,
solving Boltzmann equations for multi-species, multi-
energy and multi-angle neutrino transport. The spe-
cial relativistic effect in neutrino transport is fully taken
into account (Nagakura et al. 2014). A moving mesh
technique is implemented in order to treat PNS proper
motions self-consistently (Nagakura et al. 2017), which
is the most important feature for this paper. The relia-
bility of our code was established by a detailed compari-
son with a Monte Carlo simulation (Richers et al. 2017).
Very recently, we further developed a new treatment
of the momentum feedback from neutrino to matter
(Nagakura et al. 2019b). In this method, the momen-
tum exchange is calculated with the energy-momentum
tensor instead of by the direct integral of collision term
in the diffusion regime, which substantially improved the
accuracy of momentum conservation in our simulations.
Most parts of the numerical setup and input physics
are the same as those used in Nagakura et al. (2018).
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We solve radiation-hydrodynamics with Newtonian
self-gravity consistently. Note that we recently im-
proved the treatment of nuclear weak interactions,
which is meant to be used with the multi-nuclear EOS
based on the variational method (Togashi & Takano
2013; Furusawa et al. 2017): we constructed new ta-
bles of electron captures by heavy and light nuclei and
positron captures by light nuclei, employing the nuclear
abundances provided by the EOS (see Nagakura et al.
(2019a) for more details). We incorporate all these
updates in the simulation.
A 11.2M⊙ progenitor model by Woosley et al. (2002)
is used. The spherical coordinates (r, θ) are meshed with
384(r)×128(θ) grid points covering 0 ≤ r ≤ 5000km and
0◦ ≤ θ ≤ 180◦ in the meridian section, respectively. The
momentum space for neutrinos with the energy range of
0 ≤ ε ≤ 300MeV and the entire solid angle (Ω) is cov-
ered with 20(ε)× 10(θ˜)× 6(φ˜) grid points, respectively,
where θ˜ and φ˜ are the zenith and azimuth angles of neu-
trino momentum. We consider three neutrino species:
electron-type neutrinos νe, electron-type anti-neutrinos
ν¯e and all the others collectively denoted by νx. The
simulation is run up to 300ms after bounce.
3. CCSN DYNAMICS AND PNS KICK
Prompt convection begins at Tb ∼ 10ms (Tb denotes
the time after bounce) and generates non-spherical fluc-
tuations that will become a seed perturbation for later
fluid instabilities in the post-shock flow. The neutrino-
driven convection starts to appear at Tb ∼ 100ms and
triggers a rapid shock expansion in the northern hemi-
sphere at Tb ∼ 180ms (see the top panel in Fig. 1).
Note that we can not clearly judge at Tb = 300ms
(the end of our simulation) if this model leads to explo-
sion or not (see also Buras et al. (2006); Mu¨ller et al.
(2012); Takiwaki et al. (2014); Pajkos et al. (2019)),
and a longer computation is definitely required for that
purpose. Nonetheless we find a coherent PNS motion
clearly up to this point, which may lead to a launch
of the NS kick if this model really explodes and, more-
over, if it survives all that will happen afterward. Since
we expect that this proper motion will continue in the
subsequent phase of a runaway asymmetric shock ex-
pansion, it is well worth a detailed analysis.
The red lines in the middle and bottom panels of Fig. 1
display the time evolutions of the velocity (VNS) and
spatial displacement (ZNS) of PNS, respectively
1. Since
the large temporal variations at Tb . 100ms due to the
1 The velocity actually corresponds to the shift vector, which
is chosen to track approximately the motion of PNS (see
Nagakura et al. (2017)).
 0
 200
 400
 600
 800
R
s
 [
k
m
]
Ave
Max
Min
-100
-80
-60
-40
-20
V
N
S
 [
k
m
/s
]
Simu
PP-30km
PP-400km
-12
-10
-8
-6
-4
-2
 0
 2
0 100 200 300
Z
N
S
 [
k
m
]
Tb [ms]
Simu
PP-30km
PP-400km
Figure 1. Top: time evolutions of the maximum, minimum
and average shock radii. Middle: time evolution of the PNS
velocity in the simulation (red line). The blue and green
lines show the post-processed (PP) results in the PNS kick
analysis (see the text for details). Bottom: time evolution of
the spatial displacement of PNS (red line) in the z direction.
The blue and green lines display the results obtained in the
post-processing.
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prompt convection are rather random and will not be
directly relevant to the PNS acceleration, we will focus
on the later phase Tb > 100ms hereafter. Although VNS
is fluctuating rapidly because of our way of implemen-
tation of the moving mesh technique2, it is clear that
the PNS receives a linear momentum to the south from
Tb ∼ 150ms. At the end of the simulation, the ve-
locity and the displacement reach VNS ∼ 60km/s and
ZNS ∼ 12km, respectively, and the PNS is still acceler-
ating in the same direction.
Following the common practice, we post-process the
result to see what forces dictate the PNS motion. We
evaluate the matter acceleration (atot) in the region of
r ≤ R, where r denotes the radius measured from the
mass center of PNS, which can be written as:
atot(R) = am(R) + ap(R) + ag(R) + aν(R), (1)
where am, ap, ag and aν represent the contributions from
the momentum flux and matter pressure, gravity and
neutrino-matter interactions, respectively. Each term
can be expressed as:
am(R) ≡ −
R2
∫
r=R ρvzv
rdΩ
M(R)
,
ap(R) ≡ −
R2
∫
r=R
P cosθdΩ
M(R)
,
ag(R) ≡ −
∫
r≤R
ρψ,zdV
M(R)
,
aν(R) ≡ −
∫
r≤R
GzdV
M(R)
, (2)
where ρ, vz, P, ψ, Gz and V denote the baryon mass
density, the z-component of fluid velocity, the matter
pressure, the gravitational potential, the z-component
of momentum transfer from neutrino to matter3 and
the spatial volume, respectively. M(R) is the baryon
mass in the region (r ≤ R). We display the result in
Fig. 2, which is obtained by integrating Eqs. (1) and (2)
at three different radii (R = 30, 50 and 400km). Note
that the time-integration is started from Tb = 100ms to
remove the contribution from the prompt convection.
At R = 30km (see the top panel of Fig. 2), the
anisotropies of gravity and matter pressure are the dom-
inant forces but almost cancel out each other. The
neutrino contribution is roughly 10% of them, and the
anisotropy in momentum flux is negligible. Note that
2 See Nagakura et al. (2017) for more details on the origin of
the noise.
3 The exact form of neutrino-matter interaction can be seen in
(Nagakura et al. (2017) and Nagakura et al. 2019 in prep)
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Figure 2. Time evolutions of various contributions to the
PNS kick. From top to bottom, we display the results of
individual terms in Eqs. (1) and (2) at R = 30, 50 and 400km,
respectively.
the blue lines in the middle and bottom panels of Fig. 1
are calculated from atot at R = 30km. We find that
the velocities and displacements obtained in the post-
process are consistent with the PNS proper motion ob-
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served in the simulation4. At first glance, the anisotropic
matter pressure may look dominant as a driving force of
PNS motion (see the phase Tb & 150ms). It is too early
to reach the conclusion, since the condition strongly de-
pends on the radius, however. In fact, at R = 50km (in
the middle panel of Fig. 2), the gravity term changes
sign and overwhelms the pressure term. However, the
sum of gravity and pressure contributions is almost can-
celed by that from the momentum-flux. On the other
hand, the neutrino contribution, which has also opposite
signs at these two radii, is comparable to the total ac-
celeration. This is an indication that neutrinos are not
streaming completely freely but are still mildly coupled
with matter in the region of 30 . r . 50km. Because
of this strong dependence on radius, it is hard to iden-
tify which component is the most dominant player to
drive the PNS proper motion (see also Nordhaus et al.
(2010)).
On the other hand, we find another interesting result
from the same analysis but applied to a larger radius
(R = 400km), which is shown in the bottom panel of
Fig. 2. The contributions from gravity and hydrody-
namic forces become much smaller than those at the
smaller radii, and the neutrino contribution overwhelms
other ones. This result is not surprising, since all ac-
celeration terms except for the neutrino term tend to
zero asymptotically. What is interesting here is that
atot(R = 400km) is comparable with the acceleration of
the PNS obtained in the simulation. As a matter of fact,
VNS and ZNS calculated in the post-process are roughly
consistent with the PNS motion observed in the simu-
lation (see green lines in the middle and bottom panels
of Fig. 1). This fact indicates that the role of neutrinos
cannot be ignored in the PNS acceleration.
It is important to emphasize that this result is brand
new in the CCSN simulation, since self-consistent han-
dling of the feedback from PNS proper motions to both
hydrodynamics and neutrino transport is indispensable
but was not realized one way or another in previous
studies. In fact, most of previous simulations employed
some pragmatic prescriptions to either PNS proper mo-
tions or neutrino transport or both and they may have
artificially suppressed the phenomenon. More detailed
studies are needed in the future to confirm it, though.
4. ASYMMETRIC NEUTRINO EMISSIONS
We turn our attention to the asymmetric neutrino
emission. As shown in the top panel of Fig. 3, coher-
ent asymmetric neutrino emissions are clearly seen from
4 Note that the initial values of VNS and ZNS for the post-
process are derived from the simulation.
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Figure 3. Top: time evolutions of the neutrino asymmetry
at r = 100km. It is measured by the ratio of the northern-
hemispheric average to the full-spherical average of neutrino
luminosity. By definition, it is larger than 1 if the northern
hemisphere has a higher luminosity than the southern hemi-
sphere and vice versa. Bottom: same as the top panel but for
Ye asymmetry. The color represents the results at different
radii.
Tb ∼ 150ms, which roughly coincides with the time of
the initiation of the asymmetric shock expansion and
the PNS acceleration. The νe luminosity is stronger in
the southern hemisphere (the direction of the PNS mo-
tion) whereas the ν¯e luminosity has the opposite trend
(higher in the direction of the stronger shock expansion).
Although the asymmetry in νx is smaller than in others,
it is higher in the northern hemisphere.
Both asymmetries in νe and ν¯e emissions are due to
the asymmetric distribution of Ye around the surface of
the PNS (see the bottom panel of Fig. 3 and Fig. 4).
The Ye in the northern hemisphere is somewhat smaller
than in the southern hemisphere: for instance, it is
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Figure 4. The Ye distributions in color with the matter ve-
locity vector (left) and the energy flux of νe measured in the
laboratory frame (right) (normalized by the energy density)
as vectors at Tb = 200ms.
∼ 10% smaller than the angle average for r = 20km at
Tb & 200ms. Since the high-Ye environment produces
stronger νe and weaker ν¯e emissions, this is consistent
with the trend of the neutrino asymmetry in the sim-
ulation. Note that this region is semi-transparent to
neutrinos: in fact νe and ν¯e start to decouple with mat-
ter in the region of 20 . r . 25km at Tb = 200ms,
which can be understood from a comparison between
the vector fields in the left and right panels in Fig. 4.
At r ∼ 25km5 the fluid velocity (displayed on the left
panel) and the νe energy flux (displayed on the right
one) deviate from each other.
On the other hand, it is not so easy to identify the
cause of the asymmetry in the νx luminosity as the
asymmetry is subtle. It may be attributed to the fact
that the mass accretion in the northern hemisphere is
smaller than in the southern hemisphere, which is caused
by the asymmetric shock expansion. As discussed in
Nagakura et al. (2019a), the weaker mass accretion fa-
cilitates the νx diffusion from PNS, and may be re-
sponsible for the higher νx luminosity in the northern-
hemisphere. It is noted that the non-spherical mass ac-
cretion may also contribute to the asymmetries in νe and
5 The matter density is ∼ 7× 1012g/cm3 at this radius.
ν¯e luminosities. The effect, however, seems to be minor
compared with the contribution from the asymmetric Ye
distribution in the PNS envelope (see below), since the
former asymmetry is subtler than the latter.
The asymmetries in νe and ν¯e luminosities reach ∼
10%. We find that the linear momentum transfer from
ν¯e to matter is slightly larger than that from νe, which
induces the PNS acceleration in the opposite direction
to the stronger shock expansion. The asymmetric νx
emission also enhances the acceleration of PNS.
Note that the sense of the correlation between the
asymmetries in νe and ν¯e emissions and that in the shock
expansion is the same as in LESA. However, there is
no clear indication of deflected accretion streams in the
post-shock flow, which were originally suggested as a
possible cause of LESA by Tamborra et al. (2014). In-
stead, the asymmetry of the Ye distribution is sustained
by a long-lived coherent lateral circular fluid motion in
the envelope of PNS. In fact, such a coherent motion
emerges soon after the asymmetric shock expansion oc-
curs. It is indeed recognized at 10 . r . 25km between
the equator and the north-pole (see the vector field of
fluid velocity displayed in the left panel).
It is a bit obscured, however, by short-term varia-
tions possibly caused by the PNS convection. To see
the coherent lateral motion more clearly, we take time-
averages of Ye and fluid velocity for the interval, 250 <
t < 300ms, the results of which are shown in the right
panel of Fig. 5. Note that in taking the average we adopt
the PNS frame, i.e., the coordinate origin is shifted to
the mass center of PNS. For comparison, we also calcu-
late the average over the interval, 100 < t < 150ms, and
display it in the left panel.
The PNS convection has started before 100ms; in fact
several eddies can be recognized in the left panel. On
the other hand, a large-scale fluid motion is clearly seen
in the right panel, which is circulating counter-clockwise
in the envelope of PNS at 15 . r . 25km; it is partic-
ularly strong in the northern hemisphere; and there is
a small region near the south pole, in which there is a
small eddy circulating in the opposite sense. Such large-
scale coherent circular motion may not be driven only
by the PNS convection, since the lateral size exceeds the
radial width of the convectively unstable region. We ar-
gue that this circular motion is triggered by the breaking
of up-down symmetry owing to the PNS proper motion
and is sustained by the combination of neutrino diffu-
sion, asymmetric matter-pressure and PNS convection.
Below we describe this mechanism in more detail.
Once the PNS core (r < 10km) moves downwards,
the matter distribution in the envelope of PNS starts to
adjust itself, inducing a downflow near the north pole
AASTEX Launching PNS kick with asymmetric neutrino emissions 7
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Figure 5. Time average of Ye in color and fluid velocities
as vectors. The left and right panels show the results for the
averages over 100ms < t < 150ms and 250ms < t < 300ms,
respectively. Note that the spatial scale and color coding
are different from those in Fig.4 and the coordinate origin
((x,z)=(0,0)) in this figure is shifted to the mass center of
PNS. See the text for more details.
and a shear flow between the core and envelope of the
PNS in the equatorial region. One may think that the
velocity of these down- and shear-flows induced by the
PNS proper motion should be of the same order as the
velocity of the PNS proper motion (∼ 106cm/s). The
velocity of the circular motion observed in the simula-
tion is ∼ 108cm/s, however. This may seem to indicate
that the self-adjustment of the matter distribution in
the PNS envelope can not be the origin of the circular
motion.
This is not true, though. The most important role of
the PNS proper motion is to break the up-down sym-
metry of the matter distribution around the PNS. On
the north (south) side, the southward PNS-core motion
expands (compresses) the PNS envelope. This then ex-
tends the low-Ye region downwards in the envelope of
PNS on the north side but shrinks it on the opposite
side. This asymmetry in the Ye distribution triggers the
lateral diffusion of neutrinos. Due to the Fermi degener-
acy of νe, the diffusions of νe and ν¯e occur in the oppo-
site directions (see also Nagakura et al. (2018)): νe dif-
fuses from higher- to lower-Ye regions (i.e., from south to
north) and ν¯e does in the opposite direction. Since neu-
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trino diffusions are accompanied by momentum transfer
to matter, they may account for the lateral circular mo-
tion.
We estimate the acceleration by the momentum feed-
back from neutrino to matter and matter-pressure gra-
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dient as
a¯θ(i)(r) ≡ −
〈
∂
∂θ
P¯i(r, θ)
rρ¯(r, θ)
〉
∼ −
(
P¯i(r, θ =
3pi
4 )− P¯i(r, θ =
pi
4 )
)
(0.5pi)rρ¯ave(r)
, (3)
where the symbols ¯ and 〈 〉 denote the time and lateral
averages, respectively; the subscript ”i = (ν,m)” spec-
ifies the neutrino or matter contribution; Pν stands for
the neutrino-pressure, which is approximately evaluated
as Eν/3 in the diffusion regime, and Pm denotes the
matter-pressure; ρave is the angular average of baryon
mass density. In Fig. 6, we show their radial distribu-
tions for the time interval, 250ms < t < 300ms.
As is clear in the figure, νe dominates the accelera-
tion and pushes the matter upward, as expected. We
also find that the matter-pressure gradient contributes
to the lateral acceleration on the same level. It is mainly
driven by Ye asymmetry: the electron/positron pressure
is higher in the southern hemisphere, where Ye is larger,
and the matter is accelerated upward (but see below for
more quantitative arguments). As displayed in Fig. 5,
the total acceleration is strong at 20 < r < 25km, which
coincides with the region, where we see the fastest fluid
motion from south to north (see the right panel of the
same figure). Since the flow is confined in a closed re-
gion, a counter-flow occurs deeper (15 . r . 20km)
in the PNS envelope (see also the discussions below).
The matter velocity (vθ) produced by the neutrino dif-
fusion and matter-pressure gradient can be estimated
more quantitatively as
vθ ∼ (2 a¯θ L)
0.5
∼ 2× 108 [cm/s]
(
a¯θ
1010cm/s2
)0.5 (
L
20km
)0.5
, (4)
where L is the spatial scale of the lateral motion. This
is consistent indeed with the velocity observed in the
simulation. We thus conclude that both the neutrino
diffusion and asymmetric matter-pressure gradient play
a major role in the generation of the lateral circular
motion.
To see the lateral transport of lepton number more
in detail, we display the radial distributions of angle-
averaged lateral lepton-number fluxes carried by neutri-
nos (F θνe − F
θ
ν¯e
, where F θ denotes the lateral number
flux of neutrinos) and by electron/positron in Fig. 7. As
shown there, the latter is the main contributor to the
lepton number transport; indeed, the neutrino contri-
bution is just a few percent. This is simply because the
number density of electron/positron is much larger than
that of neutrino. The neutrino diffusion in the fluid rest
frame is even subtler although it does exist (see the blue
line in Fig. 7). It should be noted, however, that the mo-
mentum feedback from neutrinos is still comparable to
the momentum imparted by the matter-pressure gradi-
ent, as discussed above. This happens because the lat-
eral matter-pressure gradient is partially compensated
by the temperature asymmetry: the temperature in the
northern hemisphere is ∼ 1% higher than in the south-
ern hemisphere. Although the temperature asymmetry
is much smaller than that of Ye, it still reduces the total
asymmetry in the matter pressure substantially, since
the baryon and photon pressure are dominant in the to-
tal pressure.
It is also important that Ye decreases via deleptoniza-
tion as the matter moves toward the north pole. The
Ye-depleted matter then submerges in the PNS enve-
lope near the north-pole. When it hits the PNS core,
it is deflected to flow southward along the surface of
the PNS core, increasing Ye this time by νe absorptions.
The matter emerges again to the PNS surface by the
local PNS convection near the south pole. Although
the strong downflow induced by the dislocation of PNS
tends to suppress the convection around the north-pole,
the convection activity continues to occur in the vicin-
ity of the south-pole and supplies the Ye-rich material
to the PNS envelope there. This closes the cycle and
creates the coherent lateral circular motion with the Ye
asymmetry sustained. Then the circulation will continue
until the PNS convection shuts off or the neutrinos in
PNS are dried up, both of which may take more than a
few seconds. If that is really the case, the PNS may be
accelerated to more than a hundred km/s, the typical
proper motion velocity of pulsars.
Finally, we give some comments on other works on the
asymmetric Ye distributions. Glas et al. (2018) found a
circular motion in the envelope of PNS in their 3D sim-
ulations, which produced the LESA phenomenon. They
speculated that the thermal instability of spherical shells
discussed by Chandrasekhar (1961) may be responsi-
ble for the sustained asymmetric Ye distribution. It
seems, however, that the circular motion found in their
study was not as coherent as what we observed in our
study; indeed, they look more like a superposition of
some smaller eddies instead (see Figure 6 in Glas et al.
(2018)). Powell & Mu¨ller (2018) also observed LESA in
their simulations and suggested that LESA is in effect
a manifestation of PNS convections under a different
guise. It should be noted that they did not find any
coherent circular motions in the envelope of PNS. Im-
portantly, both simulations sphericalized the matter dis-
tribution inside PNS by hand and may have artificially
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suppressed the proper motion of PNS, which we think
is the trigger of the coherent circular motion by break-
ing the up-down symmetry of the matter distribution
around PNS.
5. SUMMARY AND DISCUSSION
For decades, asymmetric neutrino emissions have been
regarded as a minor player in the generation of NS kick
unless some extreme conditions or unknown physics are
considered. In our CCSN simulation, however, we find
∼ 10% levels of asymmetry in the energy flux for νe and
ν¯e, and ∼ 1% asymmetry for νx. The emergence of the
coherent asymmetric configurations coincides with the
onset of the non-spherical shock expansion and they are
sustained at least up to the end of the simulation. Inter-
estingly, they play a non-negligible role in the accelera-
tion of PNS. The asymmetry of νe and ν¯e is attributed
to that of the Ye distribution in the envelope of PNS
(10 . r . 25km). The self-adjustment of the matter
distribution accompanied by the neutrino diffusion there
generates a sustained lateral circulation, which in turn
works to maintain the asymmetry in the Ye distribution.
It is important to emphasize that all of these dynamics
can be captured only with the consistent treatment of
neutrino transport and PNS proper motions. Inciden-
tally, Tamborra et al. (2014); Janka (2017) speculated
that LESA may also contribute to the NS kick but did
not demonstrate them quantitatively in their works.
Finally, we put several remarks. As is well known,
the imposed axisymmetry artificially enhances the di-
rectionality in fluid dynamics such as shock expansions
and PNS proper motions. The acceleration of PNS may
hence be overestimated in this study. Nevertheless the
property of asymmetric neutrino emissions (ν¯e and νx
emissions are enhanced in the hemisphere of stronger
shock expansion, while νe emissions are higher in the
opposite hemisphere, into which the PNS is accelerated)
will remain in 3D although it should be confirmed in
the future study. A longer simulation is definitely re-
quired in order to assess how the PNS proper motion
found in this paper affects the hydrodynamic process
that will occur later and is supposed to be the most
promising mechanism for the NS kick. It should be em-
phasized that they are operational in different phases.
Indeed, the current simulation is way too short to see
the PNS acceleration by the gravitational tugboat mech-
anism (Wongwathanarat et al. 2013; Janka 2017), for
example. What is important regardless is that in some
(but not all) cases, the PNS may start to move much ear-
lier on than previously thought. Last but not least, the
asymmetry in neutrino emissions will affect the collec-
tive neutrino oscillation (Nagakura et al. 2019 in prep)
and the nucleosynthesis (Fujimoto & Nagakura 2019),
both of which are currently being investigated in more
details and will be published elsewhere.
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